We investigate the binary content of the two stellar populations that coexist in the globular cluster NGC 3201. Previous studies of binary stars in globular clusters have reported higher binary fractions in their first populations (P1, having field-like abundances) compared to their second populations (P2, having anomalous abundances). This is interpreted as evidence for the latter forming more centrally concentrated. In contrast to previous studies, our analysis focuses on the cluster centre, where comparable binary fractions between the populations are predicted because of the short relaxation times. However, we find that even in the centre of NGC 3201, the observed binary fraction of P1 is higher, (23.1 ± 6.2)% compared to (8.2 ± 3.5)% in P2. Our results are difficult to reconcile with a scenario where the populations only differ in their initial concentrations, but instead suggests that the populations also formed with different fractions of binary stars.
Introduction
One of the lesser studied aspects of the multiple populations (a.k.a. abundance anomalies, see , for a review) phenomena in massive stellar clusters is the role of stellar binarity. This is due to the overall relatively low binary fractions in globular clusters (GCs, e.g., Ji & Bregman 2015) and the fact that it is difficult to separate out the binaries from (apparent) single stars in colour-magnitude diagrams for each of the populations (i.e., the "normal" and "anomalous" stars; P1 and P2) as the sequences overlap. Instead, one must carry out intensive spectroscopic time-series analyses of a representative sample of stars from each population to search for radial velocity variations.
The most comprehensive survey using this technique, to date, was that of Lucatello et al. (2015) who monitored 968 red giant branch (RGB) stars in ten Milky Way ancient GCs. From this large sample they found 21 binary stars and when separating their sample into P1 and P2 stars, found binary fractions of 4.9% and 1.2% for each population, respectively. In addition, Dalessandro et al. (2018) recently reported a higher binary fraction in P1 of the globular cluster NGC 6362, 14% compared to < 1% in P2.
Such differences can be explained in terms of the formation environment of the stars, with the P2 stars (lower binary fraction) forming and initially evolving in a much denser environment, which would destroy many of the primordial binaries (e.g. Hong et al. 2016 ). An initially more concentrated P2 is a common feature of essentially all scenarios put forward to explain multiple populations and appears to be in agreement with the observed density profiles and kinematics of the populations in most Galactic globular clusters today (e.g. Lardo et al. 2011; Richer et al. 2013; Bellini et al. 2015; Dalessandro et al. 2019 ).
Due to the fibre based observations, the targets for the study of Lucatello et al. (2015) were preferentially located in the outer regions of the clusters. Most globular clusters show a trend of increasing binary fractions towards the cluster centres (e.g Milone et al. 2012) , which is thought to be due to mass segregation. On the other hand, dynamical processes lowering the binary fractions, such as binary disruption or ejection from the cluster, occur more frequently near the cluster centres. Therefore, the binary statistics near the cluster centres may not follow those in the cluster outskirts. Using N-body simulations, Hong et al. (2015 Hong et al. ( , 2016 found that the binary fractions of P2 are expected to be comparable or even larger than those of P1 inside the clusters' half-light radii if P2 formed centrally concentrated.
In the present work we explicitly test these predictions, using the time series VLT/MUSE observations of NGC 3201 stretching over > 4 years presented in Giesers et al. (2019) , which focus on the region inside the core radius (r c = 1.3 ≡ 1.85 pc, Harris 1996) of the cluster. RGB stars from the different populations are found using a UV-optical "chromosome map" (Milone et al. 2017) which is highly efficient in separating the populations, largely based on their N abundance differences ).
Data
NGC 3201 has been observed as part of the MUSE survey of Galactic globular clusters (see Kamann et al. 2018 ), a large GTO programme targeting the central regions of massive star clusters. To facilitate the detection and characterization of binary stars, repeated observations of five pointings, covering approximately the central 2 × 2 of the cluster, have been performed from November 2014 to May 2019. The data analysis, including the detection and characterization of binaries, are described in Giesers et al. (2019) . For each of the 3 553 stars studied, the authors provided a probability that the star shows radial velocity variations. The radial velocities of the stars with at least 5 observations and with a probability higher than 50% of being variable were further analysed with The Joker (Price-Whelan et al. 2018), resulting in a subset of 95 stars with unique Keplerian orbit solutions.
To split up the two stellar populations that have previously been identified in NGC 3201, we used the Hubble Space Telescope photometry from the survey of Piotto et al. (2015 , see Nardiello et al. 2018 . As outlined in Latour et al. (2019) , this was done by creating a "chromosome map" from the red giant stars, which is shown in Fig. 1 . The separation of the two populations has been performed following Milone et al. (2017) and is indicated by the red dashed line included in Fig. 1 (with P1 being below the fiducial line).
Finally, we identified the subset of stars from Giesers et al. (2019) for which the population could be determined. This resulted in a final sample of 113 stars, 52 in P1 and 61 in P2, that is presented in Table 1 . For the 17 out of 113 stars which had a probability P > 0.5 of being in a binary and sufficient (≥ 5) observations, we tried to determine the Keplerian orbit. This resulted in a subset of 9 stars, for which an orbit solution is available. The orbital parameters of said stars are included in Table 1 . The remaining 8 stars with P > 0.5 have insufficient kinematical data to infer their Keplerian orbits.
Results

Binaries across the chromosome map
The distribution of binary stars across the chromosome map of NGC 3201 is shown in the left panel of Fig. 1 . We colour-coded each star available in the sample of Giesers et al. (2019) by its probability to be in a binary system. Stars for which orbital solu-tions have been found are further highlighted according to their orbital period T . To better visualize possible differences between P1 and P2, we show in the right panel of Fig. 1 the binary probability as a function of the distance perpendicular to the fiducial line separating P1 and P2.
To infer the binary fractions in both populations, we follow Giesers et al. (2019) and obtain the fraction of stars with a binary probability of P > 0.5 within each population. This leads to binary fractions of (23.1 ± 6.2)% in P1 and (8.2 ± 3.5)% in P2. The uncertainties tailored to both values take into account the limited sample sizes as well as the uncertainties stemming from the threshold in P (see Giesers et al. 2019, for details) . When calculating the binary fraction in P2, we included the sub-subgiant star highlighted in Fig. 1 , which is in a much tighter orbit than the remaining binary systems (indicated by the coloured rings in Fig. 1 ). As discussed in Giesers et al. (2019) , this star has an X-ray counterpart and shows H α emission. Hence it is plausible that this star is part of an accreting binary system, which would also impact its photometric properties and its location in the chromosome map. Excluding it from our calculation reduces the binary fraction of P2 to (6.7 ± 3.3)%. Averaged over both populations, we find a binary fraction of (15.0 ± 3.4)%, in good agreement with the discovery fraction of (17.1 ± 1.9)% determined by Giesers et al. (2019) .
The origin of the observed binaries
To study the origin of the observed binaries, we make use of the subsample with known orbital parameters. The fate of a binary in a globular cluster is linked to its hardness h, i.e. the ratio of its internal energyẼ to the average kinetic energy of the surrounding stars,
where m is the typical stellar mass of a cluster member and σ the velocity dispersion of the cluster. For a bound Keplerian orbit, the internal energy is given as
with m p and m c being the masses of the constituents and a being the semi-major axis of the binary. In Table 1 , we provide the hardness for each binary with an orbit available. The values were calculated assuming an inclination of i = 90 • , i.e. the minimum possible companion mass m c . The mass of the primary (RGB) component, m p , was determined via comparison to an isochrone as described in Giesers et al. (2019) . As cluster properties, we used m = 0.8 M and σ = 4.3 km s −1 (Baumgardt & Hilker 2018 
Evaluating eq. 3 for a core density of ρ = 10 2.72 M /pc 3 (Baumgardt & Hilker 2018) yields lifetimes for all binary stars that exceed the age of NGC 3201 by several orders of magnitude. Note that the companion masses m 2 and the semi-major axes a used in the above calculations were derived under the assumption that the binaries are observed edge-on (i.e. at an inclination of i = 90 deg). While both quantities increase with decreasing inclinations, m 2 is more sensitive on i than a is, so that our hardness values can be considered as lower limits.
Finally, we stress that the probability to form hard binaries dynamically in a relatively low-density cluster such as NGC 3201 is very small. Using eq. 7.176 from Binney & Tremaine (2008) , the formation rate of hard binaries per unit volume is given as
Integrating eq. 4 over the core of NGC 3201 (assuming r c = 1.74 pc, Baumgardt & Hilker 2018) yields a total formation rate of 7 × 10 −6 /Gyr. Hence it is very likely that all binary stars that we observe in NGC 3201 are primordial.
The impact of the companion
Our determination of the binary fraction in each population is based on the assumption that the positions of the stars in the chromosome map are not altered by the presence of their companions. To verify this assumption, we used the binaries with known orbits and inferred the magnitude changes caused by their companions in the four HST filters underlying the chromosome map, F275W, F336W, F438W, and F814W. To this aim, we fetched an isochrone tailored to the properties of NGC 3201 ([Fe/H] = −1.59, E B−V = 0.24, Harris 1996) from the MIST database (Choi et al. 2016) . We made the assumption that the companions are main sequence stars and predicted their magnitudes mag c by selecting the isochrone points along the main sequence closest to their measured masses, m c sin i (cf. Table 1 ). As the measured companion masses need to be corrected for the (unknown) orbit inclinations relative to the line of sight, we assumed different inclination angles i and found the isochrone counterpart for each value of m c . At each inclination, we calculated the corrected magnitude mag p of the RGB star in the four relevant filters, according to mag p = mag tot − 2.5 log 10 1 − 10 −0.4(mag c −mag tot ) ,
where mag tot is the measured magnitude of the system in the considered filter. Then we predicted the actual location of each RGB star in the chromosome map. We stopped when subtracting the contribution of a fiducial companion resulted in a predicted position that was off by more than 0.1 mag from the red edge of the red giant branch in either (F275W − F814W) colour or (F275W − 2 · F336W + F438W) pseudo-colour. We summarize the outcome of this test in Fig. 2 . It shows the predicted position of the RGB star in the chromosome map as a function of the inclination for each binary in our sample with a known orbit. Fig. 2 shows that P2 stars in a binary with a main sequence star are very unlikely to appear as P1 stars (and vice versa), as the companion tends to shift the binary in a direction parallel to the fiducial line separating the populations.
We further find that the companion needs to be massive enough to appear close to the main sequence turn-off in order to have a significant effect. Fig. 2 shows that for all of the sources in our sample, their orbits would need to be observed at low inclinations, i 40 • , in that case, because our minimum masses are significantly below the expected turn-off mass of NGC 3201 (m TO ∼ 0.8 M , cf. Table 1 ). Under the assumption of randomly oriented orbits, we can estimate the probabilities to observe the systems at or below the inclinations where the companions have a measurable effect on the observed positions in the chromosome map. We find probabilities between < 1% and about 35% for the individual systems. Considering the sum of probabilities for the eight stars, we expect about one star among them which has been measurably shifted by its companion. Note that these probabilities do not account for the selection bias of radial velocity studies, which are more sensitive to edge-on orbits, and hence can be considered as upper limits (see discussion in Carroll & Ostlie 2006) .
We also considered the possibility of white-dwarf companions, as they may have a stronger impact on the F275W flux. However, in the photometry of Nardiello et al. (2018) , we find only 10 − 15 white dwarf candidates with a F275W magnitude within 2 mag of the main sequence turn-off.
Discussion
At first glance, our finding of a lower binary fraction in P2 than in P1 agrees with previous studies on the binary content of multiple populations (Lucatello et al. 2015; Dalessandro et al. 2018) . This trend was attributed to the P2 stars forming centrally concentrated, resulting in a higher rate of binary ionization and ejection. However, in contrast to earlier studies, our observations focus on the dense cluster core. In the simulations of Hong et al. (2015 Hong et al. ( , 2016 , the overabundance in P1 binaries typically only develops outside the half-light radii of the simulated clusters, whereas the trend disappears or even reverses inside of it. 1 The observation by Dalessandro et al. (2018) that the discrepancy in the observed velocity dispersions between P1 and P2 stars in NGC 6362which is attributed to the overabundance of P1 binaries -disappears towards the centre can also be interpreted as a hint towards comparable central binary fractions. Compared to the clusters simulated by Hong et al. (2015 Hong et al. ( , 2016 , where all stars were input with the same masses, NGC 3201 appears much more complex. One complication is the likely presence of a large population of stellar-mass black holes (Giesers et al. 2018 Askar et al. 2018) , which is expected to have a strong impact on the evolution of NGC 3201. Owing to their masses, the black holes can efficiently suppress the segregation of the binaries to the cluster centre. As the evolution of a binary population is governed by the interplay between mass segregation and their interactions with other stars, this marks an important difference compared to the existing simulations. Dedicated simulations using a realistic range of stellar masses will be an important step forward towards understanding the evolution of binary stars in multiple populations.
A possible explanation for our results is that P2 had different binary properties than P1 upon formation, e.g. a lower primordial binary fraction or a different distribution of semi-major axes. Most formation scenarios predict P2 stars to form while at least part of the P1 population is already in place. It seems likely that such vastly different formation environments had an impact on the properties of the primordial binaries in P2. Future hydrodynamical simulations of cluster formation may be able to investigate this further.
We note that some of the detected P1 binaries appear in a region of the chromosome map that is termed the extended P1 (e.g. Lardo et al. 2018) , i.e. to the top-left of the bulk of P1 stars. As shown by, e.g., Cabrera-Ziri et al. (2019) , extended P1 stars show no differences in their abundances of C, N, O, Na, Mg or Al compared to normal P1 stars. Very recently, Marino et al. (2019) argued that binaries could be responsible for creating extended P1 stars in NGC 3201. As our analysis of Sect. 3.3 shows, normal P1 stars in binary systems with main sequence stars close to the turn-off can be shifted into the extended branch. However, it appears unlikely that this scenario is responsible for all of the stars observed along the extended P1. The binary systems with unique orbital solutions would need to be observed at rather unlikely inclination angles for the companions to produce noticeable shifts. In addition, a number of extended P1 stars do not show any signs of variability in our sample. Nevertheless, extending our analysis to other clusters with a pronounced extended P1, such as NGC 2808, appears as a very promising step in studying the impact of binary stars on the distribution of stars across chromosome maps.
Finally, we note that in comparison to Marino et al. (2019) , our extended P1 extends to smaller values of ∆ F275W−F814W . Upon removal of the stars with ∆ F275W−F814W −0.4, which were not considered in the work by Marino et al. (2019) , our P1 binary fraction reduces to 19.1 ± 5.7%. Hence our main conclusion of a higher binary fraction in P1 than in P2 does not depend on the exact definition of which stars belong to P1. Table 1 . Photometric and orbital properties of the binaries with unique Kepler solutions in the MUSE sample. For each star, we provide the ID in the photometric catalogue of Anderson et al. (2008) , the location in the chromosome map, the population tag, the binary probability, the mass of the primary star, the minimum mass of the companion star, the semi-major axis, eccentricity, and period of the orbit, and its hardness. ACS Id ∆ 275, 814 ∆C 275, 336, 438 
